es observed during kidney dysfunction were entirely due to increased effective blood volume and dialysis was the sole answer for patients with AKI. Unfortunately, over the last 50 years there has been limited improvement in the high mortality rate associated with AKI despite improvements in dialysis technology and advances in supportive care. The association of acute lung injury (ALI) with AKI is particularly common in critically ill patients, and mortality exceeds 80% when they are combined [7] .
This profound increase in mortality attributable to combined lung and kidney failure reflects, in large part, the severity of underlying illness in patients with multiple organ failure. For instance, AKI has been associated with more difficult weaning from mechanical ventilation and prolonged intensive care unit stays. A recent analysis of data from the acute respiratory distress syndrome (ARDS) network revealed that the development of AKI (defined as a rise in serum creatinine of 1 50% from baseline over the first 4 study days) in patients with ALI resulted in a mortality rate of 58% compared to a mortality of 28% in those ALI patients who did not develop AKI [8, 9] . Furthermore, ALI with its attendant hypoxemia, hypercapnia and mechanical ventilation-associated high positiveend expiratory pressure (PEEP) worsened renal hemodynamics and function [10] . An increasing body of evidence suggests that these deleterious kidney-lung interactions or 'crosstalk' could, at least in part, be due to a loss of the normal balance of immune, inflammatory and soluble mediators that occurs during severe insults such as shock, trauma, sepsis, etc. ( fig. 1 ). Kidney-lung crosstalk in the critically ill therefore constitutes not only a pressing clinical problem, but also an illuminating framework in which to consider possible mechanisms of multiple organ failure and how the kidney can play a central role in this deadly syndrome.
Pathophysiology
Acute Lung Injury ALI and its most severe manifestation, ARDS, are major causes of morbidity and mortality in critically ill patients. Clinically, the extent of ALI/ARDS is classified according to the requirement of fractional inspired oxygen. If cardiac filling pressures are not elevated, a PaO 2 /FiO 2 less than 300 meets criteria for ALI, and a value less than 200 is defined as ARDS [11] . ALI is essentially a noncardiogenic pulmonary edema that occurs in the context of increased alveolar fluid secondary to an increase in lung endothelial or epithelial permeability and/or a decrease in the efficiency of clearance of interstitial fluid.
Structurally, the respiratory bronchioles and alveoli are in direct apposition to the lung interstitium through which the pulmonary capillaries course. Once transvascular fluid has collected in the interstitium, fluid is then drained by pulmonary lymphatics. The tight alveolar epithelial barrier is critical in preventing alveolar flooding by interstitial edema fluid. Therefore, alveolar flooding varies not only with the microvascular endothelial permeability, but also with the capacity for pulmonary lym- phatic drainage of interstitial fluid and with the integrity of the alveolar epithelial cell-to-cell junctions. Furthermore, alveolar fluid is removed from the distal air spaces by active sodium and chloride transport across the alveolar epithelium. Both the type I and type II pneumocytes express apical sodium channels and basolateral sodiumpotassium ATPases that actively pump sodium into the interstitium [12, 13] . To achieve equilibrium, water is then passively drawn down the resultant osmotic gradient through aquaporin channels. Alterations in either the sodium or aquaporin channels can have profound effects on alveolar fluid balance [14] [15] [16] .
Underlying mechanisms
The primary molecular and cellular mechanisms of ALI are incompletely understood and are likely to be multifactorial, including oxidative stress, activation of the innate immune response, inflammation, coagulation and apoptosis. In addition, the likely determinants of the complex and coordinated response to insult include cytokines/chemokines, leukocytes, and platelet activation resulting in endothelial and epithelial injury as well as increased capillary and epithelial permeability [6] . Increased permeability leads to a flux of proteins and solutes that increase oncotic pressure favoring alveolar flooding. This leads to impaired alveolar fluid clearance mediated by the aforementioned mechanisms including apoptosis and necrosis of the alveolar epithelium and/or by injury to the apical or basolateral transporters by cytokines, oxygen radicals, etc. [6, 12, 17] .
Effects of AKI on the Lung
As evidenced in the recent multicenter ARDS Network trial, ALI is exacerbated by an increase in capillary hydrostatic pressure (i.e. heart failure or volume overload), a condition that may often occur in the setting of renal failure [18] . However, experimental evidence suggests that pulmonary injury and edema during AKI occurs even in the absence of volume overload [19] . Indeed, lung injury in the setting of AKI is characterized by marked pulmonary vascular congestion, interstitial edema, focal alveolar hemorrhage and inflammatory cell infiltration [20, 21] . Kidney ischemic/reperfusion injury (IRI) in rodents leads to an increase in pulmonary vascular permeability, as evidenced by extravasation of Evans blue dye into the lung parenchyma, an increased lung wet/dry ratio and/or an increase in the bronchoalveolar lavage protein concentration [20] [21] [22] . These lung effects of AKI are not limited to the endothelium; kidney IRI also leads to down-regulation of the epithelial salt and water transporters ENaC, Na, K-ATPase and aquaporin-5 in the rat lung, which all contribute to decreased alveolar fluid clearance [19] .
The type of kidney insult may also impact the presence, timing and severity of distant organ effects of AKI. For instance, the effects of kidney IRI on the lung's salt and water transporters were also observed in bilateral nephrectomized rats, suggesting that uremia rather than reperfusion products were primarily responsible for these observations. The primary importance of uremia in the AKI-induced distant organ lung effects have been corroborated by 2 other rodent studies that have documented lung injury and inflammation following bilateral nephrectomy [23, 24] . However, a subsequent study by our group comparing established murine models of ischemic AKI and bilateral nephrectomy found structural and functional (i.e. microvascular permeability) changes in the lung following IRI, but not bilateral nephrectomy, when compared to sham controls. In addition, global gene expression profiling of lung tissues identified ischemia-specific changes in the lung transcriptome which were distinguishable from those produced by uremia alone [21] and involved early and persistant activation of proinflammatory and proapoptotic pathways ( fig. 2 ). Biological processes activated in the lung following kidney ischemia. Gene ontology analysis of ischemia-specific lung genes identified early activation (Z 1 2.0) of genes related to the innate immune response and cell adhesion bioprocesses, and later activation of genes related to response to stress and cell motility. Genes related to apoptosis and inflammation bioprocesses were activated across time points during ischemic AKI.
ALI also occurs following IRI of other visceral organs such as the liver and intestine, and it is likely that kidney IRI-induced distant organ effects are related to both uremia as well as reperfusion products. In fact, this unique combination may distinguish the ischemic AKI phenotype from other reperfusion injuries [25, 26] .
Mechanisms of AKI-Associated Lung Injury
Role of Inflammation and the Innate Immune Response Inflammation is a major component of the initiation and exacerbation of AKI. Given that mediators of systemic inflammation are typically activated during AKI and coupled with decreased kidney clearance, inflammation and the innate immune response are likely important mechanisms connecting the effects of AKI on the lung [27] [28] [29] . A recent comprehensive genomic map and analysis of inflammation-associated transcriptional changes in local and remote organs during ischemic AKI identified markedly similar transcriptomic changes occurring concomitantly in both the kidney and lung during AKI, including significant changes in the expression of 109 prominent proinflammatory genes including Cd14, serum amyloid A 3, lipocalin 2, CXCL-2 and the IL-1 receptor (IL-1r2) [30] . Interestingly, the degree of gene transcription fold changes correlated with the severity of the kidney ischemia/reperfusion injury. For instance, the generated normalized enrichment scores, which reflect the correlation of inflammatory gene set with the transcriptional changes induced by AKI, demonstrated the highest impact for 60-min ischemia in kidney tissues for both early (6 h) and later (36 h) time points, while 30-min kidney ischemia failed to illicit a significant transcriptional response in the lung following kidney IRI.
Cytokines/chemokines play a major role in the initiation and progression of both AKI and ALI, and appear to be prime targets connecting the local and systemic effects of kidney IRI [31] . For instance, after measuring an array of cytokines and chemokines in the kidney and blood of a mouse AKI model, the chemokine KC was found to be up-regulated in the urine, serum and kidney within 1-3 h of injury [32] . These studies were extended to humans, where Gro-␣ (a human KC analogue) was significantly increased in the urine of ischemic human kidney transplant recipients. Interestingly, Gro-␣ levels in urine correlated with graft function and predicted the need for dialysis. In a rat model of kidney IRI, serum IL-1 and TNF-␣ levels were elevated as early as 1 h of reperfusion and correlated with the progression of distant organ cardiac injury and apoptosis [33] . A more recent study demonstrated that the acute absence of kidney function in mice, after either ischemic AKI or bilateral nephrectomy, is associated with an increase in multiple serum cytokines/chemokines, including IL-6, IL-1 ␤ and macrophage inflammatory protein 2. Although the profiles were unique in each model, lung injury and leukocyte infiltration occurred in both models [23] . Administration of the anti-inflammatory cytokine IL-10 reduced markers of lung injury and inflammation. A subsequent study by the same group in IL-6 knockout mice has highlighted the critical role of IL-6 in these distant organ effects of AKI [34] .
Oxidative Stress Induction of oxidative stress, and its systemic consequences, likely also plays a major role in AKI-induced distant organ lung effects. For instance, in a rat model of rhabdomyolysis-induced oxidative stress, AKI was associated with increased permeability and inflammatory cell infiltration in the lung, and was accompanied by oxidative stress in the lung characterized by an increase in lipid peroxidation and F2-isoprostane as well as a decrease of antioxidant capacity such as reduced glutathione [35] . In addition, unilateral kidney IRI in both mice and rabbits has been shown to decrease distant organ hepatic levels of superoxide dismutase, catalase and glutathione, suggesting that ischemic AKI might compromise the host response to systemic oxidative stress [36, 37] .
AKI-induced derangements in the key oxidative stress enzymes, nitric oxide (NO) synthase and heme oxygenase (HO), may also facilitate distant organ lung dysfunction. Disordered NO metabolism in the setting of renal failure is well established. While the cause of this dysregulation is not entirely clear, asymmetric dimethyarginine is felt to play a significant role [38, 39] . Asymmetric dimethyarginine is an inhibitor of endothelial NO synthase and shifts NO metabolism toward production of oxygen-based free radicals [40] . HO-1, an enzyme that catalyzes the degradation of heme, is responsive to ischemic, nephrotoxic and inflammatory stimuli. Its activation decreases oxidative stress and generates anti-inflammatory and antioxidant metabolites such as carbon monoxide and bilirubin [41] . Mice that are homozygous knockouts for HO-1 are more sensitive to kidney IRI, with subsequent increased kidney injury and inflammation, systemic and remote organ IL-6, and increased mortality compared to wild-type controls [42] . Taken together, these studies suggest that oxidative stress is an important component of the distant organ effects of AKI.
Apoptosis
There is increasing evidence that pulmonary cell apoptosis may play an important role in the pathophysiology of ALI [43] . Apoptosis is a highly regulated mechanism of cell death in which unwanted, infected or damaged cells are eliminated by the activation of specific deathsignaling pathways. However, untimely or excessive cellular apoptosis has been implicated in a variety of human diseases. Both enhanced pulmonary endothelial/epithelial cell apoptosis and delayed inflammatory cell apoptosis have been associated with ALI [44] [45] [46] . Detailed investigations of vascular permeability have underscored the importance of the balance between complex tethering forces involved in cell-to-cell and cell-to-extracellular matrix interactions. These studies have also shown that endothelial apoptosis leads to the disruption of these complex interactions and a potential for loss of endothelial barrier function [47] .
While it seems intuitive that increased pulmonary endothelial apoptosis would contribute to the derangements in microvascular permeability (the hallmark of ALI), there have been few studies investigating a direct role for pulmonary endothelial apoptosis in the setting of AKI. A detailed genomic analysis of mouse lung tissue during ischemic AKI has indeed identified the activation of a proapoptotic lung transcriptome [21] . A subsequent mechanistic approach to disease targeting has identified that kidney IRI induces caspase-dependent distant lung endothelial apoptosis which mediates subsequent microvascular dysfunction and ALI [48] . Further studies highlighting the AKI-induced imbalances between complex tethering forces involved in endothelial cell-to-cell and cell-to-extracellular matrix interactions and subsequent lung microvascular dysfunction, as well as the specific pathways involved in these pathophysiological interactions, may lead to novel therapeutic targets for the deadly distant organ effects of AKI.
Role of Leukocytes in Kidney-Lung Crosstalk
Leukocytes play a fundamental role in the development of ALI/ARDS. The lung, with its large capillary network, is capable of sequestering large numbers of inflammatory/immune cells. While this makes sense from an evolutionary standpoint, given the lung's potential exposure to inhaled pathogens, the presence of a large population of activated leukocytes creates the potential for lung damage due to induction of inflammatory responses. In fact, several recent studies have documented lung leukocyte activation and trafficking during experimental AKI. In rat models of both bilateral kidney IRI and bilateral nephrectomy, studies have shown early and sustained lung neutrophil sequestration [23, 24] . Utilizing a 45-min unilateral renal IRI model in mice, flow cytometric analysis demonstrated neutrophil infiltration in the damaged kidney as well as in several remote organs, including the contralateral kidney, liver and spleen, as early as 60 min postischemia [49] .
While neutrophils are the key mediators in several models of ALI such as pneumonia, sepsis and mesenteric IRI, their importance in AKI-associated lung injury is less clear. For instance, uremic neutrophils have been shown to attenuate ALI [50] . In this study, mice underwent 32 min of bilateral IRI or bilateral nephrectomy, followed by induction of ALI by intratracheal HCl instillation and mechanical ventilation. In this established model of severe, neutrophil-dependent lung injury, neutrophil-depleted mice were protected from pulmonary histologic injury and oxygenation impairment. Depletion of endogenous neutrophils from uremic mice with subsequent injection of nonuremic neutrophils (or vice versa) was then performed before induction of lung injury. Only mice that had received uremic neutrophils displayed resistance to lung injury, suggesting that neutrophils may, in fact, be protective in the setting of AKI.
Macrophage and lymphocyte infiltration, and/or proliferation, are other potential mediators of the distant organ effects of AKI. Lung microvascular leak occurs in rats following bilateral kidney IRI, attenuated by the macrophage activation inhibitor CNI-1493 [20] . In addition, unilateral kidney ischemia has resulted in increased macrophages in both the contralateral kidney as well as the cardiac interstitium [51] . Recent data also suggest that the inflammatory cascade set in motion by kidney IRI is, in part, mediated by lymphocytes. T cells are important mediators of renal IRI, and recent data provided evidence that this T cell response to IRI is dependent on the major histocompatibility complex (i.e. mice lacking the T cell receptor ␣ ␤ were protected from renal IRI and had a blunted cytokine response) [52, 53] . Furthermore, our group has recently reported on the infiltration of activated CD3 + CD8 + cytotoxic T lymphocytes into mouse lungs during kidney IRI and their potential role in mediating lung apoptosis in this setting [54] . Whether the classical antigen-dependent pathway is activated by endogenous 'alloantigens' liberated in IRI, or by some antigen-independent pathway, is an area of ongoing investigation.
Effects of ALI on the Kidney
Considerable clinical and experimental data support a direct role for AKI in the initiation and progression of ALI. Alternatively, with its attendant hypoxemia, hypercapnia and mechanical ventilation-associated high PEEP, ALI could also worsen renal hemodynamics, structure and function. Mechanical ventilation itself can induce and/or exacerbate ALI and contribute to distant organ kidney effects in the critically ill. In the ARDS Network study comparing low tidal volume (VT) to conventional VT ventilation, protective modes of ventilation not only improved mortality from ARDS, but led to improved kidney function as well. Specifically, patients receiving 6 ml/ kg VT had a lower number of days with renal failure, defined as an increase in serum creatinine 1 50% over baseline, in the first 28 days compared to patients receiving 12 ml/kg VT [55] .
The relative contribution of mechanical ventilation on AKI, compared with the number of other physiologic derangements occurring in the setting of the underlying disease process leading to ALI, can be difficult to ascertain. Animal models of mechanical ventilation and ALI have been used in an effort to elucidate the relative contributions and the potential mechanisms of ALI-induced acute tubular necrosis. Morphologically, prior studies in mechanically ventilated rats have shown a significant increase in Bowman's space, collapse of the glomerular capillaries and perivascular edema in kidneys of ALI animals induced by high VT mechanical ventilation [56] . The influences of mechanical ventilation on kidney function in the setting of ALI generally fall under 3 categories: hemodynamic changes, blood gas disturbances and biotrauma. Regardless of the proposed mechanism, it is clear that (similar to AKI effects on the lung) derangements in the innate immune/inflammatory response, oxidative stress and cellular necrosis/apoptosis are important components of this organ cross-talk in response to injury.
Mechanisms of ALI-Associated Kidney Injury
Hemodynamic Changes It is well established that mechanical ventilation alters hemodynamics, and the mechanisms by which mechanical ventilation and associated ALI alter kidney perfusion include a reduction in cardiac output, redistribution of renal blood flow and stimulation of hormonal and sympathetic pathways [57] . Positive-pressure ventilation alters venous return, cardiac preload, pulmonary vascular resistance and cardiac afterload. A decrease in several parameters of renal function, including glomerular filtration rate , renal blood flow (RBF) and free water clearance have been noted during positive pressure ventilation [58] . Furthermore, in an anesthetized canine model, the institution of 10 cm of PEEP markedly decreased urine flow rate, urinary sodium excretion and creatinine clearance [59] . Some studies have also demonstrated the redistribution of intrarenal blood flow from cortical to juxtamedullary nephrons during PEEP ventilation despite no changes in total renal blood flow, which has been associated with altered kidney function [59, 60] . Neurohormonal alteration by PEEP, such as activation of the sympathetic and renin-angiotensin systems, and suppression of atrial natriuretic peptide release may also induce fluid retention and diminished RBF [61, 62] .
Blood Gas Disturbances Blood gas changes induced by ALI/ARDS can also adversely affect renal hemodynamics and function. Severe hypoxemia has been demonstrated to reduce RBF by increasing renal vascular resistance related to the activation of vasoactive factors such as angiotensin II, endothelin and a decrease in NO [63] [64] [65] . Hypercapnia was found to correlate inversely with RBF mainly by stimulating noradrenaline release and inducing vasoconstriction [66] . In addition, given that both low PaO 2 and high PaCO 2 induced apoptosis of renal tubular cells in vitro [67] , the potential direct effect of blood gas changes on kidney structure and function should be studied further.
Biotrauma
Emerging data suggest that the biotrauma induced by mechanical ventilation is associated with the release of proinflammatory mediators into the systemic circulation. In a randomized controlled clinical study, higher levels of the cytokines TNF-␣ , IL-1b, IL-6, and IL-8 were detected in the bronchoalveolar lavage fluid and plasma of patients ventilated at conventional lung volumes compared with those treated with a lung protective strategy [68] . A follow-up analysis showed that the higher VT group had higher rates of renal failure at 72 h, and that the degree of multiorgan failure correlated with IL-6 levels [69] .
A marked genomic stress response in murine kidneys during high VT ventilation was found in 3 different mouse strains [70] . In a rat model of acid-induced lung injury, increased kidney IL-6 levels and associated lung injury occurred with higher VT ventilation [71] . Distant organ kidney epithelial cell apoptosis has been found with an injurious ventilatory strategy in rabbits, and correlated with elevated soluble Fas ligand and elevated serum creatinines in patients with ARDS [72] . Taken together, these data suggest that mechanical ventilation and associated ALI/ARDS can induce a distant organ inflammatory response associated with AKI. Further stud-ies will be needed to forge a cause and effect relationship between injurious mechanical ventilation and kidney injury, and it is quite possible that these effects will not be evident with better control of hemodynamics [73] .
Conclusions
Despite advances in renal replacement therapy, the morbidity and mortality of AKI has remained high, especially when associated with distant organ dysfunction such as ALI/ARDS. Because ALI and renal dysfunction frequently coexist in the critical care setting, the effects of failure of either organ are particularly relevant to the function of the other. Experimental evidence presented in this article provides new evidence for important deleterious kidney-lung interactions or crosstalk that rise, at least in part, due to the loss of the normal balance of immune, inflammatory and soluble mediator metabolism that attends severe insults which induce organ injury.
Lung-kidney crosstalk has significant clinical relevance and the current review highlights novel mechanisms of multiorgan failure that can lead to new therapeutic strategies. In addition to adequate volume control, elimination of conventional uremic substances by dialysis and lung protective ventilatory management, novel strategies to block the production of and eliminate more efficiently the effector cells and molecules which mediate deleterious crosstalk between the kidney and lung should be studied further. Mechanical ventilation in ALI patients should aim to both maintain RBF and adequate O 2 and CO 2 tension with lung protective strategy, as well as reduce inflammatory mediators. Finally, kidney-lung crosstalk in the critically ill constitutes a pressing clinical problem which also serves as an illuminating framework in which to study the mechanisms by which local organ injury and inflammation have systemic consequences.
